In East Africa where a drastic improvement in food security is an urgent need, rice, a non-traditional crop in most of countries in the region, has emerged as an important food crop that could extend the Green Revolution to the region following the introduction of New Rice for Africa (NERICA) in the early 2000s. Using data collected through a nationwide survey, this paper examines the possibility of rice green revolution by estimating the technical efficiency (TE) of rainfed rice farmers in Uganda and simulates how unfavorable climate changes affect it. The estimated stochastic frontier yield function showed that the mean TE was 65% for lowland and 60% for upland, and that the potential yield of rainfed rice cultivation was as high as 3 t·ha −1 . However, the stochastic simulation of rainfall and rice yield revealed that unfavorable climate changes could erase the high potential in crop yield. Rainfed rice cultivation could be a leading sector for realizing Green Revolution in East Africa. It plays a critical role in this process to improve rice farmers' TE, which is lower in the region than in Asia. Worsening climatic conditions, if occur, make this need even more imperative.
Introduction
A Green Revolution has long been awaited in sub-Saharan Africa (SSA), particularly in East Africa where a drastic improvement in food security is an urgent need. Since the introduction of New Rice for Africa (NERICA) in the early 2000s, rice has emerged as an important food crop that could extend the Green Revolution to the region [1] - [3] .
As is well known, the Green Revolution in rice was brought in Asia half a century ago by technological breakthroughs that increased the yield of irrigated lowland rice cultivation [1] [3] [4] . In East Africa, irrigated lowland is virtually non-existent [5] and the prospect of large-scale irrigation development, a key concomitant development with the Green Revolution in Asia, is seriously constrained by its economic infeasibility [6] . The agro-climatic, ecological and geographical conditions of SSA, however, provide a vast amount of land for rainfed rice cultivation in many inland valleys in the hydromorphic valley bottoms and the lower parts of the valley slope adjacent to the hydromorphic edge [5] . It is in this context that NERICA, which fits wetland as well as dry land conditions, is welcomed as an agent to promote a Green Revolution in rainfed rice cultivation.
Extending the Green Revolution to rainfed rice cultivation would be a particularly vital achievement in SSA that faces severe environmental conditions vulnerable to future climatic changes. Many climate studies predict that the variability and uncertainty in rainfall in the region will increase in the future [7] - [9] . Under such circumstances, whether NERICA or any other modern varieties can bring a sustainable breakthrough in the yield of rainfed rice cultivation is crucially important in determining the direction and priority of agricultural research, as well as the agricultural development policies of the countries in the region and international aid agencies pursuing Green Revolutions in SSA. For instance, some recent studies have expressed skepticism as to the possibility of attaining a Green Revolution based on rainfed rice cultivation [10] , or have begun to reexamine the possibility of Green Revolution based on irrigated lowland cultivation in large-scale irrigation schemes [11] [12] .
The purpose of this paper is to assess the yield potential of rainfed rice cultivation in farmers' fields by estimating the technical efficiency (TE) of rainfed rice farmers in Uganda based on the data collected through a nationwide survey. We first estimate TE under the present climatic conditions by applying the stochastic frontier rice yield function and then conduct simulation analyses with a stochastic simulation model to examine how the yield potentials change as climatic conditions and TE change. The results will indicate whether a rice Green Revolution based on rainfed rice cultivation with the current potential is possible in East Africa and what factors are required to realize it.
Methods and Materials

Stochastic Frontier Analysis
In this paper, the yield potential of rainfed rice cultivation is analyzed by means of stochastic frontier yield functions that measure farmers' TE in rice cultivation. TE in this paper is defined as the measure of the ability of a farmer to attain the maximum yield for a given set of inputs [13] . There are a few methods for estimating TE [14] , of which this paper adopts the stochastic frontier function approach [15] [16] , taking into account that rainfed rice cultivation is subject to large weather disturbances and heterogeneous environmental factors.
The stochastic frontier rice yield function is defined as follows:
where Y i is the rice yield per hectare of the i-th farmer, X i is a (1 × k) vector of inputs per hectare of the i-th farmer, Z i is a (1 × m) vector of critical natural conditions such as precipitation, β is ( ) ( )
vector of unknown parameters, f( ) is the frontier yield function that gives the maximum potential yield for any particular input vector, V i is the random error independently and identically distributed with
and independent of U i , and U i is the independently and identically distributed non-negative random error with a mean of either 0 or a non-zero value μ i which reflects the i-th farmer's technical inefficiency [16] [17] . The error term V i represents purely random disturbances that occur beyond the control of individual farmers, and therefore can take either a positive or negative value. The error term U i takes only a positive value, representing a downward deviation from the frontier yield attributable to technical inefficiency, and the TE of the i-th farmer is given as ( )
. We estimate Equation (1) by the maximum-likelihood method assuming that U i follows an exponential distribution. In addition to the estimation using the entire sample, the yield function is also esti-mated separately for lowland and upland, and whether the estimated coefficients have equal impacts on yield between the two land types is tested by the seemingly unrelated regression (SUR) method. All regression analyses are carried out using STATA 12 (StataCorp LP, College Station, TX).
Stochastic Simulation Analysis
To understand the potential impacts of changes in rainfall and TE on rice yield, we conduct simulation analyses to generate the mean yield and the distribution of the yield, based on the estimated parameters of the frontier production function and the fitted stochastic distributions of the number of below-minimum-rainfall (BMR) days, which shall be explained in detail in the next subsection, and TE.
For BMR days, the stochastic distribution is set as follows: first, fit a stochastic distribution to daily rainfall data by using a goodness of fit standard (Kolmogorov-Smirnov test), second, calculate the occurrence rate of BMR days from the simulated rainfall data, third, calculate the number of BMR days by multiplying the occurrence rate by 30 days per month, and fourth, identify a better fitting stochastic distribution for the BMR day data. For TE, a better fitting stochastic distribution is identified similarly from among several possible distributions. The procedure to find a good fitting stochastic distribution is necessary, notwithstanding the assumption that the theoretical distribution of TE is exponential, since the theoretical distribution does not always give good performance in reproducing TE data. For both, beta distribution is selected as the stochastic distribution to be used for the simulation. The mean yield and the distribution of the yield are simulated by the fitted distribution for different levels of parameters that are set by a few different scenarios.
For rainfall conditions, we set scenarios in that BMR days change by 5% and 10% in both directions, unfavorable (i.e., an increase in BMR days) and favorable (i.e., a decrease in BMR days). We adopt these levels of rainfall change referring to two contradicting rainfall predictions for East Africa: One foresees increases in precipitation within the range of 5% to 20% [7] , and the other anticipates drier conditions with an observation that recent rainfall is lower than the 1950-1979 averages by as much as 20% [9] . Twenty percent change in the mean value of daily rainfall corresponds to an about 10% change in the mean values of the number of BMR days in our data. For TE, we set scenarios in that its mean level is improved to 70% as a lower target and 80% as a higher target, because the past studies indicate that these target levels are practically attainable.
The mean yield will be simulated for each combination of the five levels of BMR days (baseline, 5% up/down, and 10% up/down) and the three levels of TE (baseline, 70% and 80%). The yield distribution will be simulated for four scenarios out of the 15 scenarios for the mean yield: first, baseline under the condition that all variables are kept constant at their sample means, second, the most unfavorable scenario in that BMR days increase by 10% with TE at the baseline level, third, BMR days increase by 10% with TE improved to 80%, and fourth, the most favorable one with 10% decrease in BMR days with TE improved to 80%. The output variable of the simulation model is yield (t·ha −1 ) in natural log form, which is reconverted to original values when necessary. The simulation is carried out using @risk 5.7 (Palisade Corp., Ithaca, NY).
Materials
The main dataset used for estimating the yield function in this paper was obtained from a nationwide survey of rice growing farmers conducted by the National Crops and Resources Research Institute (NaCRRI) in collaboration with the Africa Rice Centre. The original sample of farmers was drawn from all five major rice producing regions in Uganda by applying four-stage stratified random sampling as follows: 1) random selection of three rice growing districts in each sample region, 2) random selection of two rice growing sub-counties in each sample district, 3) random selection of two rice growing parishes in each sample sub-county, and 4) random selection of 20 rice growing farm households in each sample parish.
An interview survey was conducted from August to November 2009 using structured questionnaires that included questions on rice cultivation during the 2007 second season and the 2008 first season. Out of the whole sample, a subsample consisting of rainfed rice farmers was made, and then a sample for analysis (the sample hereafter) was made from this rainfed rice farmer subsample by discarding observations for which 1) the household characteristics are missing and 2) the rice yield is less than 25 kg·ha −1
. The second criterion was adopted to exclude observations where the rice cultivation was total failure because of extreme factors beyond the farmers' control, the inclusion of which caused non-convergence in the maximum-likelihood estimation. The sample obtained consists of 1028 rainfed farm plots planted with rice, either upland or lowland, cultivated by 799 farmers.
The number of sample observations used for the analysis in this paper is presented by region and district in Table 1 .
Rainfed rice is cultivated in two types of land: dryland and wetland. Commonly, the former is called upland and the latter lowland, the prime distinction between the two being the absence or presence of standing water in the fields when growing rice, respectively. The typical lowland is found in hydromorphic inland basins or inland valley bottoms, while typical upland is found on plateaus and sloping lands in inland valleys beyond the hydromorphic edge [5] . In this paper, we use the term "lowland" for wetland and the term "upland" for dryland, and examine the yield potentials of these land types separately.
All the data used in the estimation were obtained from the survey, except for rainfall, on which data were obtained from the Meteorological Center of Uganda. Beyond the total rainfall measured from 1 July 2007 to 30 June 2008, we use daily rainfall data during the year to prepare six monthly rainfall measures of the number of days with below minimum rainfall (BMR) by counting the number of days with rainfall less than 4 mm·day −1 was selected as demarcating the "minimum" rainfall per day based on the recommendation that rainfed rice cultivation be practiced in areas where the 5-day total rainfall of 20 mm is assured for the period from sowing to 15 days before harvesting [18] .
Results and Discussion
Rainfed Rice Cultivation in Uganda
The extent of cultivation: rainfed rice cultivation is found throughout Uganda, except for the mountainous and pastoral areas in the eastern and southwestern corners of the country [19] . Our NaCRRI survey gives an estimate [5] , rainfed rice takes more than 95% of the area planted with rice, even if two crops could be planted per year in all the irrigated area. For the sample, about 60% of rainfed rice cultivation was carried out on lowland and 40% on upland ( Table 1) . The distribution of upland and lowland in Uganda has a clear regional pattern: rainfed lowland cultivation dominates in eastern regions, and as one goes to the north and the west the percentage of rainfed upland cultivation increases. Household characteristics of farmers cultivating rainfed rice: the household characteristics of rice farmers in the sample are summarized in Table 2 . On average for the sample, rice farmers were around 40 years old, had reached the educational level of junior high school, had lived in their villages for more than 30 years, and had 8 family members, of whom 3 were children between 6 and 15 years old. Ten percent of them were female-headed households and crop cultivation was the main economic activity for more than 90% of rice farmers. Nearly 70% of farmers in the sample were small farmers with total cultivated area of less than 2 ha. These household characteristics are quite comparable to the characteristics of rice farmers reported by earlier studies conducted in various parts of Uganda [10] [20]- [22] .
When compared by land type, rice farmers cultivating rainfed lowland differed significantly from their counterparts cultivating rainfed upland for some characteristics. Lowland rice farmers were younger, had fewer female-headed households, had a greater share of their economic activities derived from crops, lived in their villages longer, and cultivated smaller farm land.
Actual rice yield and varieties planted: the first row of Table 3 gives the average rice yield per hectare for the sample, which was 1.9 t·ha [23] . The difference in the unit yield between lowland and upland was not so large, but the t-test indicates that the mean difference is significant (p = 0.003). The average yield distribution is skewed toward the high yield side, having a longer tail on the low yield side, with the median yield of 1.7 t·ha −1 for lowland and 1.6 t·ha −1 for upland.
The rice varieties planted by rainfed rice farmers are also shown in Table 3 . The most popular variety was Supa for lowland and NERICA for upland, the former taking 50% of lowland rice planted area and the latter more than 70% of upland rice area. For lowland cultivation, Kaiso followed Supa. Reflecting differences in the share of lowland and upland by region, the diffusion of varieties had strong regional biases. It must be noted that all these varieties are "improved" or "modern" rice varieties. NERICA varieties were recently bred in Africa and Kaiso was brought to Uganda from China after the Green Revolution in Asia. Supa is said to be brought from Indonesia prior to the Green Revolution, but its high yielding records under experimental conditions suggest that it is a variety of some improvements. For the sample, in terms of average yields, the variety groups can be divided into three classes by Tukey's test (Table 3) : low-yield (Supa), middle-yield (NERICA) and high-yield (Kaiso and other lowland varieties). The average yield of other upland varieties was not statistically different from the yields of Supa or of NERICA. It is worth noting that some farmers planted NERICA on lowland, with an average yield that was significantly higher than the yield of NERICA planted to upland (p = 0.0001). On the other hand, very few farmers planted Supa on upland.
Production inputs in rainfed rice cultivation: the production inputs used by the rainfed rice farmers in the sample are summarized in Table 4 . The average size of land area planted with rice, 0.6 ha farm −1 , was quite uniform between the two land types. The non-land production inputs of seed, fertilizer, herbicide and labor are also shown in Table 4 . For labor, the total labor used for weeding, for which reliable data were available, is shown. The intensities of most non-land inputs were at similar levels for lowland and upland, with the exception of fertilizer, for which the intensity was higher for upland than for lowland. It is also remarkable that farmers applying fertilizers and herbicides were still small minorities in Uganda.
Rainfall: the six rainfall measures, starting from the beginning of the two rainy seasons (July and January), are shown in Table 4 , together with the total yearly rainfall from 1 July 2007 to 30 June 2008. Rainfall of 1000 mm per year, or 500 mm per season, is required for growing rice under rainfed conditions [19] . The seasons under study in 2007-2008 on average satisfied this condition for both lowland and upland. The distributions of BMR days were similar for both land types, though the mean values were significantly different, varying from 21 days to 27 days. It is critical for growing rice to have sufficient rainfall in the early growing stage, that is, the 1st and 2nd month of the two cropping seasons. The data shown in the table suggest that it was less likely, for both lowland and upland, that the condition of 5-day rainfall of 20 mm is satisfied for the early stage.
Frontier Yield Function
Estimated frontier yield functions: the results of stochastic frontier yield function estimation are summarized in Table 5 for the sample, and for the lowland and upland subsamples. In the estimation, the natural logarithm of the unit yield was regressed on the natural logarithm of non-land production inputs per hectare ( Table 4) and on household characteristics ( Table 2) , variety dummies for "Supa" and "Kaiso and other lowland varieties" ( Table 3) , and the three measures of monthly rainfalls ( Table 4) . If there is zero value, a very small value, 0.001, was used instead of zero for log-transformation. As for the monthly rainfall measures, the first three months were included, which performed best in terms of the Akaike Information Criteria, in order to avoid multicollinearity. The total rainfall in the year 2007-2008 was also tested in the estimation, but it gave no significant coefficient. For other explanatory variables, only those that gave regression coefficients with the significance level of 10% or higher were retained. The frontier models assuming half-normal distribution were also estimated, but they were statistically inferior to the exponential models. In all the models shown in Table 5 , all explanatory va- riables are treated as arguments of the yield function, as defined in Equation (1). We also estimated the technical inefficiency effects model, in which some variables, such as the household head's age and educational level, affected the random term U i , with inferior statistical performances. First, let us turn to Regression [1] for the entire sample. Among the explanatory variables included in our trial regressions, 10 variables gave significant coefficients. The results are essentially consistent with the yield function estimated earlier using the data from the same survey [24] . Previous studies found the positive impacts of seeds on yield [10] [22] , and of fertilizers [22] [25] . Many studies found the negative impacts on the adoption of rainfed rice cultivation of farmers' age [10] [20] [21] [26] . In studies where age is treated as a determinant of technical inefficiency, some found a negative impact [27] and some others a positive one [28] . Farmers with large family size have an advantage in labor intensive rice cultivation [28] . It is also a popular finding that there is a significant difference in rice yield between small and large farmers [22] .
The two variety dummies have positive impacts on yield, indicating that the yields of Supa, Kaiso, and other lowland varieties were on average higher than that of NERICA and other upland varieties. In particular, it is noteworthy that the yield performance of Supa was better than NERICA, contrary to the simple comparison in Table 2 without controlling rainfalls and other explanatory variables. The three monthly BMR days all gave highly significant impacts on rice yield: negative impacts in the first two months and a positive impact in the third month. The negative impacts of these rainfall measures, which mean that a greater the number of days with rainfall of less than 4 mm·day −1 results in lower rice yields, suggest the importance of rain at the early stages of plant growth in rainfed rice cultivation. In particular, the large coefficient for the 1st month rainfall indicates that rainfall at the beginning of rice cultivation is critically important. Since rice generally requires sufficient water even in the third month (60 -90 days) after planting, it would be reasonable that the coefficient of 3rd month BMR days be negative as well, contrary to our results. Given the fact that rainfall was most plentiful in the 3rd month in the seasons under study (Table 3) , our results seem to indicate that higher solar radiation helped higher yield under a given level of rainfall.
Looking at regressions [2] and [3] , the positive impact of fertilizers on yield was found in lowland cultivation. Similarly, the family size mattered in lowland and the household head's age did in upland. As to the variety dummies, regression [2] showed no yield difference among the variety groups for lowland, while regression [3] indicates that Supa, if planted in upland, yielded significantly less than NERICA and other upland varieties. Although there were such differences between the two regressions, the null hypothesis that there was no difference in the estimated coefficients between lowland and upland was accepted at the 10% significance level, indicating that there was no significant difference in the structure of rainfed rice technology between lowland and upland cultivation.
Technical efficiency: however, there was clear difference in the rainfed farmers' TE between lowland and upland: The mean TE in lowland cultivation was 65%, which was significantly higher than the mean TE of 60% in upland cultivation at the 1% significance level. Such results could arise partly from the harsher and more vulnerable nature of upland, and partly from the fact that rainfed upland rice cultivation has a shorter history, with less experienced rice farmers than lowland rice cultivation.
Rice farmers' TE in SSA reported in the recent literature have been found to be 51% -53% in Northern Ghana [28] , 54% in Nigeria [26] and 68% -70% in Mali [29] . A study obtained a rate of profit efficiency, consisting of TE and allocative efficiency, of around 50% for rice production in Uganda [30] . On the other hand, past studies in Asia have found mean TEs ranging from 74% to 94% for irrigated rice [31] - [34] and from 70% to 84% for rainfed rice [33] . Our TE estimates of 60% to 65% for rainfed rice farmers in Uganda are closer to the higher end of the TE range of SSA rice farmers, but consistently lower than the TEs of Asian rice farmers.
The average actual yields of farmers (Table 3 ) and the estimated TE levels together imply that the potential yield of rainfed rice cultivation in Uganda could be as high as around 3 t·ha −1 under the technology available at present in farmers' fields. Such levels are comparable with those that farmers realize in advanced rainfed rice growing areas [10] [20] [22] [25] [35] . In order to realize this potential yield, the technical inefficiency must be reduced through various channels of technology extension. It was found for maize farmers in Ethiopia that efficient extension services could improve farmers' TE to nearly 100% [36] .
Simulation Results
As our frontier yield function revealed, the unit yield of rainfed rice cultivation is significantly affected by rainfall conditions. How vulnerable is rainfed rice cultivation to changes in rainfall and to what extent can improvements in farmers' TE counteract the changes? Table 6 summarizes the results of simulation for the mean yield.
If rainfall increased in the future as predicted by some studies [7] , there would be fewer problems. With a 10% decrease in BMR days, even with the present level of TE, the mean rice yield would be as high as 3 t·ha −1 for both the land types. A similar level of unit yield would be attained under the scenario of 5% decrease in BMR days, if farmers' TE were improved to 80%. On the other hand, if the rainfall condition changed toward the unfavorable direction, the high yield potential of rainfed rice cultivation would be lost. In the scenario in that BMR days increase by 5%, the yield would decrease by nearly 30% from the baseline, and even if efforts were made to improve TE to 80%, the yield gain for both land types would not be enough to recover the yield loss due to the adverse climatic change. This exercise indicates that if climatic changes brought about less rainfall in the future and if rainfed rice cultivation were to achieve "revolutionary" levels, its tolerance to drought would have to be strengthened by all means through improvements in varieties and cultivation practices. In addition to analyzing the mean-level changes, let us see how the distribution of unit yield changes as rainfall and TE change. The stochastic distributions of yield generated are shown in Figure 1 for the four scenarios. The vertical line in the a. The figures in parentheses are percent change relative to the baseline yield. The baseline yield for each land type was obtained by inserting the mean values of the explanatory variables into the estimated frontier yield function and then converting them from log to original unit (t·ha −1 ), and therefore different from the average yields shown in Table 3 , which are expressed as arithmetic means. figure drawn at x = 6.68, which corresponds to 0.8 t·ha −1 , is a break-even yield at which the value of output is equivalent to farmers' paid-out costs. The unfavorable climatic change shifts the yield distribution toward left, resulting in an increase in the percentage of farmers below this break-even line from 11% to 47% for lowland and 21% to 54% for upland, if farmers' TE were to remain at the present level. If TE were improved to 80%, however, the percentage would be less than one-third, which indicates that improving farmers' TE is an effective measure for mitigating the adverse impact of unfavorable climatic changes and retaining rainfed rice farming viable and sustainable.
Conclusions
Using the data collected from a nationwide survey in Uganda, we have looked into the potential yield of rainfed rice cultivation by estimating the TE of rainfed rice farmers and how it is affected by climatic changes that bring changes in rainfall. The estimation of frontier yield function revealed that there was no difference in rice yield between rainfed lowland and rainfed upland, but the mean TE of lowland (65%) was higher than that of upland (60%). Given the technology available at present to farmers, the potential yield was estimated to be around 3 t·ha −1 , which could be said to be "revolutionarily" high as the yield of rainfed rice cultivation [20] . However, rainfed rice cultivation is vulnerable to unfavorable climatic changes. Our simulation analyses revealed that a 10% to 20% decrease in rainfall in the early growth stages of rice cultivation could erase the "revolutionary" gains.
Improvements in farmers' TE are important to extend a rice Green Revolution in East Africa where rice is a new, non-native crop. A shorter history of rice cultivation in the region is reflected in the consistently lower levels of rice farmers' TE than in Asia. The need to increase human capacity through research and extension services is emphasized for an African Green Revolution to become a reality [37] . This is particularly true in the case of rice, since rice research in many East African countries is a very recent development, and therefore the talent pool of rice researchers and extension workers with good knowledge of rice technology is still underdeveloped. To make rainfed rice cultivation viable, sustainable and revolutionary, it is no doubt necessary to improve farmers' TE through designing and promoting effective technology extension services, backed up by systematic and persistent research on rice cultivation, including the research to strengthen drought tolerance through improvements in varieties and cultivation practices. 
